Experimental research and nonlinear finite element analysis for the structural behaviors of single shear test on bolted connections fabricated with cold-formed stainless steel have been conducted. Failure criteria for prediction of failure mode of bolted connections under static shear and out-of-plane deformation, i.e., curling criteria were proposed based on experimental data for calibration of FE modeling. Failure mode and ultimate strength predicted by recommended FEA procedures with solid element showed a good correspondence with those of previous test results and the validation of FEA method was verified. The previous numerical analyses of bolted connection were carried out on geometrically perfect specimens. However, it has been known that geometric imperfection of thin-walled members must be considered in a FE model to simulate the actual shape of specimen. Therefore, in this paper, parametric studies were carried out based on the validity of numerical modeling of bolted connections in cold-formed stainless steel so that authors investigated the influence of initial geometric imperfection of connected plate on its structural behavior. Solid element and shell element with reduced integration were introduced as an element type and included two types of geometric imperfection. Consequently, FE modeling technique of cold-formed stainless steel bolted connection introducing initial imperfection to compensate the function of shell element and to induce the curling was proposed.
Introduction
The demand for cold-formed stainless steel in structural members as well as interior or exterior finishes instead of hot-rolled stainless steel has recently increased owing to significant excellence in corrosion resistance, durability, aesthetics etc. [1] [2] [3] [4] In this context, design specification for cold-formed stainless steel structures was required in Japan. Therefore, Kuwamura et al. conducted experimental researches regarding the local buckling behaviors of stub columns, flexural buckling behaviors of centrally loaded columns and ultimate behaviors of singe/double shear type bolted connection fabricated with 1.5 mm and 3.0 mm thick stainless steel plate.
As a result, equations for predicting the ultimate strength and failure mode were suggested, providing a satisfactory prediction for structural behaviors of cold-formed stainless steel members. [5] [6] [7] [8] [9] Successively, Kim et al. performed nonlinear finite element analysis, especially for single shear test on bolted connections which may be accompanied by outof-plane deformation, i.e., curling in order to investigate the stress-strain components according to loading and the structural behaviors against a wide range of parameters with the FEA models. Failure mode, ultimate strength and curling behavior predicted by failure and curling criteria, which were obtained from FEA results with solid element showed a close agreement with those of test results. 10, 11) However, the previous numerical analyses by Kim et al. have mainly focused on the geometrically perfect FE models of single shear test on bolted connections. 11) Although no initial imperfection and eccentric loading were introduced in FE model, it was found that for solid element model, curling was occurred and resulted in strength reduction when compared to FE analysis results of models with restrained out-of-plane deformation.
It has been noted that initial geometric imperfection in thin-walled members should be considered in a FE modeling in order to simulate the actual shape of specimens. Therefore, many researchers have applied various types of initial geometric imperfection to FE analysis, for example, Maura Lecce et al. used the assumed initial imperfection shape from the postbuckling Static Riks analyses (shell element, S4R of ABAQUS package) in cold-formed stainless steel sections subject to distorsional buckling under compression 4, 12) 15) Consequently, with respect to buckling of cold-formed steel members, the above mentioned researchers employed the reduced integration shell element, especially in three dimensional FE analyses, which reveal that the FE model simulated by a shell element with geometric imperfection provides accurate FEA results and also the model is helpful to reduce analysis time compared to that of solid element type.
Since initial geometric imperfection in FE modeling of single shear test on bolted connections fabricated from thin-walled steel has rarely been considered so far, this paper aims to introduce a shell element with initial imperfection into FE modeling of bolted connections so as to obtain time efficient analysis results and induce the curling behavior observed from both experimental results 6, 8) and FEA results of solid element model with no initial imperfection. 10, 11) 
Existing Test Results and Finite Element Analysis

Test Specimens and Results
Experimental research of two types of bolted connections: single shear and double shear test on bolted connections, fabricated from cold-formed austenitic stainless steel (SUS304) using 1.5 mm or 3.0 mm thick plate and 12 mm diameter bolt was conducted by Kuwamura et al. 6, 8) This paper has been focused on the FE analysis of single shear test on bolted connections, which are not restrained from out-of-plane deformation. Figure 1 illustrates the geometry and the FE model of objective plate (1.5 or 3.0 mm thick plate), specimens of single shear test on bolted connections, consisting test plate (1.5 or 3.0 mm thick plate) and rigid plate (6.0 mm thick plate) for set-up. Geometry and test results of six bolted connections with 1.5 mm or 3.0 mm thick plate as representative specimens are summarized in Table  1 . The specimens have pitch (p) and gage distance (g) of 30 mm as a constant dimension, end distances (e) and edge distance (b). Three types of bolt arrangements are planned with only plane plate as depicted in Fig. 1 (Series SA for single bolt, Series SB for two bolts and Series SC for four bolts). Figure 2 displays the typical failure shapes of the specimens described in Table 1 such as net section fracture (Nmode), end opening fracture (shear-out fracture or bending fracture, E-mode) and block shear fracture (combination of tensile fracture and edge shearing, B-mode). Specimens SB1-4 and SB2-4 failed by net section fracture with necking (N-mode). Specimen SA2-2 was failed by end opening fracture (E-mode), governed by a bending fracture of the end edge of plate depicted in Fig. 2(c) , not by shear-out fracture with the two longitudinal tears in the direction of load. Specimens SC1-4, SC2-3 and SC2-4 with a long end distance curled out of plane, as shown in Figs. 2(b), 2(e) and 2(f) showed the block shear fracture (B-mode). Although the modified formula for ultimate strength in bolted connections with no curling proposed by Kuwamura et al. 6) provided a satisfactory prediction for failure mode and ultimate strength, it is concluded that for specimens with end curling, the ultimate strength was overestimated due to the strength reduction caused by curling occurrence. 6, 11) 2.2. Finite Element Model with No Initial Imperfection A nonlinear finite element program, ABAQUS, was utilized in this paper. The procedures for FE modeling with acceptable accuracy are recommended by Kim et al., 11) described briefly in the following. The nonlinear geometric parameter was applied to deal with the large displacement analysis for both solid element type and shell element type with no initial imperfection. 16) Only thin plate (1.5 or 3.0 mm thick plate, which can be deformable under loading) in single shear test on bolted connections was modeled in order to curtail the run time. This paper recommends 150 mm as a reasonable model length considering bolt arrangement, bolt pitch (p) and end distance (e). However, for several specimens, the effective length which subtracts grip part from whole length of test specimens, is also adopted as can be shown in Table 3 . Based on the symmetric consideration of Series SC specimens with even-numbered bolt arrangement perpendicular to the direction of load, only half of the specimen is modeled. Bolt is assumed to be threadless. Since the specimens are planned as bearing typed-connections, bolt pre-tension is not simulated. In addition, no friction between plate and washer and between specimen plate and rigid plate is assumed. 17) Elastic-plastic material options in FE analysis are employed owing to material non-linearity of austenitic stainless steel. The nominal stress-nominal strain curve with strain hardening is obtained from conventional coupon tests, which is converted to true stress-true plastic strain in order to account for the change of dimension according to the increase of load. 16, 18) Table 2 summarizes the measured material properties of SUS304 steel. 6, 8) Poisson's ratio (n) is supposed to be 0.3 for FE models. Yield strength of stainless steel is obtained based on 0.1 % proof stress for coupon test specified by Stainless Steel Building Association (SSBA) of Japan. 19, 20) Plasticity model of material is established by adopting von Mises yield criterion with isotropic hardening rule. 7, 10) ABAQUS package provides a variety of element types. 17) However, in the present study, two types of reduced integration elements with hourglass control for connection plate: i.e. shell element (S4R) 4, 12, 13) and solid element (C3D8R) have been employed.
11)
The S4R element is defined as a 4-node doubly curved general-purpose, finite membrane strain, first-order reduced integration shell element with hourglass control. Reduced integration with hourglass generally provides more accurate results. S4R element has six degree-of-freedoms per node: u 1 , u 2 , u 3 , f 1 , f 2 , f 3 , and the stress components of element output are as follows: S11 (In analysis results, direct stress of local 11 direction, s 11 is denoted as symbol S11.), S22 (s 22 , direct stress of local 22 direction), S12 (t 11 , shear stress of local 12 direction) 16) ; namely, the stress through the thickness (3 axis direction) of shell element is zero and material particles that are originally on a straight line perpendicular to the midsurface of shell element remain on a straight line during deformations. Especially, in Kirchhoff theory, shear deformations are neglected, thus the straight line remains perpendicular to the midsurface during deformations.
21)
The C3D8R element is defined as a three-dimensional, hexahedral 8-node linear brick, reduced integration with hourglass control solid element, which has only one Gauss point. Reduced integration uses a lower-order integration to form the element stiffness, which reduces the running time. 11, 16) Since the ultimate strengths measured from bolt shear failure showed a good agreement with those calculated by current design standard in experimental results of Kuwamura et al., the bolt shank is idealized as rigid cylindrical body. 6) Mesh area of plate model is divided into two parts; one part is around the bolt holes (30 mm area away from the center of bolt hole) and the other part is with different mesh density. The mesh is refined locally in the vicinity of the bolt hole for the improved resolution of stress and strain due to the presence of the stress concentration. 22) Supported 6) may be initiated at the edge of the section, which are the closest to the leading bolt hole. It was suggested from FE analysis results conducted by T. S. Kim et al. 10, 11) that when direct stress reaches the ultimate true stress, which is converted from engineering stress of tensile coupon test, the cracking of critical section begins and bolted connection leads to the ultimate state.
Comparisons of FEA Results with Test Results
The previous numerical parametric studies have encompassed the mesh size, loading method, model length and failure criteria, the comparisons of ultimate strength and failure mode obtained from FEA results and test results. 10, 11) In this study, additional FE analyses for 1.5 mm/3.0 mm thick plate model with shell element/solid element are performed. Therefore, the aforementioned finite element modeling procedures are utilized and the comparison results of 1.5 mm and 3.0 mm thick plate model for solid element and shell element with no initial geometric imperfection are summarized in Table 3 .
Specimens SB1-4, SC1-4, SC2-3 and SC2-4 for solid element type (C3D8R) as test results marked in Table 1 and  Table 3 showed a curling of plate end during the analysis (see Fig. 3(b) ). However, since conventional shell element, i.e., S4R does not have stresses (s 33 ) and strains (e 33 ) of thickness (3-axis) direction. Therefore, in-plane stress resists against external force and out-of-plane deformation does not occur in shell element type for test specimens, in which curling was observed, shown in Table 3 (see Fig.  3(a) ).
It is further notable in Table 3 that Pua (Shell) /Pua (Solid) , ultimate strength ratios of solid element to shell element regarding specimens with severe curling, SC1-4 and SC2-4 have 1.31 and 1.33, respectively, owing to no strength reduction in shell element. Furthermore, ultimate strengths for solid element show a good agreement with those of test results (Pua/Pue ranged from 0.93 to 1.06) in Table 3 , whereas FEA results for shell element seem to provide unconservative predictions for the ultimate strength compared to test results, in particular, for SC1-4 and SC2-4 with curling, Pua/Pue ranged from 1.24 to 1.31. 
Influence of Initial Geometric Imperfection on Structural Behavior of Single Test on Connection in
Cold-formed Stainless Steel
Initial Geometric Imperfection
The previously mentioned numerical analyses were carried out on geometrically perfect FE models of single shear test on bolted connections in cold-formed stainless steel. As a result, for solid element model without initial imperfection, the curling was occurred with the reduction of loadcarrying capacity. However, it is obvious that initial imperfection of thin-walled members should be considered in a FE model using shell element in order to simulate the actual shape of specimen and reflect its influence on structural behavior.
Therefore, in the introduction of a reference by Maura Lecce et al., the numerical study procedures (shell element, S4R) for the distortional buckling of axially compressed cold-formed stainless steel simple lipped channels 4, 12) was stated. B. W. Schafer et al. also employed a superposition of local buckling mode and distorsional buckling mode for the imperfection shape in FE modeling (shell element, S9R5) for the thin-walled steel members subject to uniform compressive load.
14) Besides, T. Wilkinson et al. introduced
geometric imperfections into FE model (shell element, S4R5) on cold-formed RHS beams. 15) Accordingly, this paper tries to apply a shell element with reduced integration for the FE modeling of single shear thin-walled bolted connections, and then introduce initial geometric imperfection into FE model in order to induce curling observed in experimental results and FEA results of solid element model. Subsequently, for convenience in numerical analyses, two patterns of initial imperfection are assumed to investigate the effect of initial geometric imperfection on the buckling mode and ultimate strength of thin-walled bolted connections (both solid element and shell element) as depicted in Fig. 4 . d i in Fig. 4 denotes the initial imperfection size of connected plate, which is expressed based on the model length (L). No tilting of bolt is assumed in the FE model.
Influence of Initial Imperfection in Solid Element
Type The influence of initial imperfection size and shape in connected plate modeled by solid element type (C3D8R) on the structural behaviors is analyzed in this section. Table 4 shows the comparisons between analysis results of the FE models with various imperfection sizes and the test results (specimens with 3.0 mm thick plate in Table 1 ), in terms of ultimate strength and curling occurrence. Obviously, even though the imperfection size gets larger, specimens SA2-2 and SB2-4 do not curl out of plane as test results.
It is notable that the initial imperfection has little influence on the overall behaviors of bolted connections illustrated in Table 4 . The FEA results for test specimens with curling of SC2-3 and SC2-4 also showed the curling and ultimate strength ratios of FE models, with curling induced according to imperfection size and imperfection pattern against FE models, with no initial imperfection ranged from 0.95 to 1.00 (Pua/Pua (IPϭ0) in Table 4 ). It can be noted that structural behaviors such as ultimate strength and curling predicted by numerical analysis agree well with those of test results, regardless of imperfection pattern to some imperfection size prescribed in Table 4 . For example, ultimate strength ratios (Pua/Pue) of FEA results to test results are 0.91 to 1.06 (mean value 0.94 with corresponding coefficient of variation, C.O.V. of 0.05).
Influence of Initial Imperfection in Shell Element
Type Tables 5 and 6 summarize the FEA results for bolted connections, modeled by shell element (S4R) with initial imperfection assumed based on model length (L). It is included that the test results of specimens fabricated with 3.0 mm, 1.5 mm thick plate, respectively. It is found that the ultimate behaviors of specimens SA2-2 and SB2-4, which were not accompanied by curling in experimental results are not affected by the imperfection size and then the curling is also not observed.
As mentioned in Sec. 2.3, for specimens SB1-4, SC1-4 SC2-3 and SC2-4 of shell element with no initial imperfection, out of plane deformation of thickness direction (3 axis perpendicular to the direction of load) is not observed on whole load-displacement curve. Whereas, it can be seen that curling is observed for the above-stated FE models of shell element with the assigned imperfection size and pattern (see Fig. 5 ). In the FE models, the predicted accuracies of ultimate strength, especially, Pua/Pue for SC2-4 and SC1-4 with noticeable curling in test results ranges from 0.98 to 1.00, 0.90 to 0.95, respectively, have been improved, compared to that of FE models with no geometric imperfection (Pua/Pue is 1.24 for SC2-4 and 1.31 for SC1-4).
If geometric imperfection is applied to specimen SC2-3 with shell element, the better predicted results are observed in FE analysis as shown in Table 5 . Furthermore, although two specimens such as SB1-4 and SB2-4 have an identical dimension in end distance (eϭ60 mm) and edge distance (bϭ25 mm), SB1-4 with 1.5 mm thick plate shows the curling observed in test results (Fig. 2(a) ) as shown in Fig. 5(a) . However, for SB2-4 with 3.0 mm thick plate, out of plate deformation (curling) has occurred in both test results (Fig.  2(d) ) and FEA results (Fig. 5(b) ) irrespective of the difference of element type and imperfection size. It means that curling occurrence can be different according to plate thickness in single shear test on bolted connections.
FE Modeling Recommendation for Single Shear
Cold-formed Steel Bolted Connection Introducing Initial Geometric Imperfection to Shell Element FEA method for single shear cold-formed steel bolted connections with no geometric imperfection modeled by solid element provided its validity in predicting the ultimate behaviors such as ultimate strength, failure mode and curling occurrence. However, local or global geometric imperfection on plane plate of bolted connection is inevitably generated during the rolling of thin-walled plate or fabrication of connections, and so many of previous researches have been performed on compressive members (columns) or bending members (beams), but in this paper, it is focused on that the influence of geometric imperfection on structural behaviors of bolted connection in FE modeling. Therefore, this section recommends the FE modeling methodology for single shear cold-formed steel bolted connection with geometric imperfection, considering the prediction accuracy of structural behavior and efficiency of analysis time through the following parametric studies.
In order to investigate the difference of ultimate behaviors (ultimate strength and curling) and analysis time between solid element with no geometric imperfection and shell element with geometric imperfection, FE models such as SA55-60, SB60-60 and SC60-55 with a long end distance and edge distance are planned as shown in Table 7 . Specimens of SC60-55 series have the same dimensions as end/edge distance of specimen SC2-4 (tϭ3.0 mm) shown in Table 1 . Hence, specimens with different plate thickness Tensile coupon test results of 3.0 mm thick stainless steel plate described in Table 2 are used equally as material properties of FE models. Table 7 and Fig. 6 exhibit the comparison results of ultimate strength between solid element and shell element. Analysis times of FE models with shell element showed a drastic reduction by on average 6.7 times compared to those of FE models with solid element. It can be known from Fig. 6 that there is no big difference in ultimate strength according to the increase of imperfection size for four bolted connections (series SC modeled by shell element. Moreover, FEA results for ultimate strength of specimens with a variety of initial geometric imperfections introduced in shell element based on specimen length or plate thickness are summarized in Table 7 . It is shown that ultimate strengths of bolted connection with shell element keep a constant value when the introduced initial imperfection is large, tend to get larger and finally approach the ultimate strength value of specimens with no initial imperfection as initial imperfection size decreases.
However, initial imperfection size, which is required to embody the structural behaviors such as ultimate strength and curling occurrence for FE models with shell element, is different according to bolt arrangement and plate thickness. For example, it is found that for SA55-60, initial imperfection of L/100 (L is specimen length) or 0. Table 7 . Consequently, from the above-mentioned discussion, initial imperfection size for predicting accurately the ultimate behaviors of cold-formed steel bolted connections by means of FE models with conventional shell element can be estimated as L/50 or 0.5t for assumed specimens.
Therefore, if the initial imperfection size (L/50 or 0.5t) is introduced into plane plate of bolted connections, ultimate strength and curling behavior predicted by FEA with shell element are likely to agree well with those of solid element without geometric imperfection, which were consistent with test results, i.e., the mean values of Pua (Shell) /Pua (Solid) for initial imperfection size, L/50 and 0.5t are both 0.99 with corresponding C.O.V. of 0.061 and 0.064, respectively. Accordingly, it is recommended in this section that reduced integration shell element (S4R) with the above suggested initial geometric imperfection in FE modeling should be utilized in order to simulate efficiently the single shear cold-formed stainless steel bolted connection.
Conclusions
This paper introduced the existing experimental results of six specimens (two specimens with 1.5 mm thick plate and four specimens with 3.0 mm thick plate) on single shear cold-formed stainless steel bolted connection conducted by Kuwamura et al. FE model calibrations for the above mentioned test results are also described. The FE study includes numerical analyses without initial geometric imperfection, with two patterns of initial geometric imperfection, and the parametric study beyond a range of test specimens.
In the numerical analyses of FE models without initial geometric imperfection, shell element (S4R) and solid element (C3D8R) were utilized. Ultimate strength and curling behavior of FEA results for solid element were consistent with those of test results, on the contrary, FEA results for shell element did not show curling phenomena observed in test specimens (SC1-4 and SC2-4), especially with large end distance and edge distance and thereby, overestimated the ultimate strength of specimens curled by 24-31 %.
Considering two patterns of initial geometric imperfection in FE modeling of conntected plate, numerical analyses were carried out in order to estimate the influence of imperfection size and its pattern on structural behaviors. Although ultimate strength for solid element tended to be declined slightly as imperfection size gets larger, in fact, it was known that the initial imperfection size (which ranged from L/460 to L/33, L denotes FE model length) had little effect on ultimate behavior. However, FEA results for shell element with the assumed initial geometric imperfection provided a more accurate prediction for the ultimate strength, compared to those of geometrically perfect FE shell element model, also showing the curling, which was occurred in test specimens with a large end distance and edge distance.
Finally, through the parametric study beyond a range of test specimens, it was concluded that shell element with initial geometric imperfection size, L/100 or 0.5t will be reasonable for predicting the ultimate strength and curling behavior in single shear test on bolted connections fabricated from cold-formed stainless steel. Therefore, this study provides an improved FEA modeling with shell element to simulate the actual shape of plates in bolted connection, introducing the initial geometric imperfection recommended in this paper into plane plates of specimens.
